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Abstract
A very popular theory circulating among non-scientific communities claims that the massive deploy-
ment of 5G base stations over the territory, a.k.a. 5G densification, always triggers an uncontrolled and
exponential increase of human exposure to Radio Frequency “Pollution” (RFP). To face such concern in
a way that can be understood by the layman, in this work we develop a very simple model to compute
the RFP, based on a set of worst-case and conservative assumptions. We then provide closed-form
expressions to evaluate the RFP variation in a pair of candidate 5G deployments, subject to different
densification levels. Results, obtained over a wide set of representative 5G scenarios, dispel the myth:
5G densification triggers an RFP decrease when the radiated power from the 5G base stations is adjusted
to ensure a minimum sensitivity at the cell edge. Eventually, we analyze the conditions under which
the RFP may increase when the network is densified (e.g., when the radiated power does not scale with
the cell size), proving that the amount of RFP is always controlled. Finally, the results obtained by
simulation confirm the outcomes of the RFP model.
Index Terms
5G densification, 5G cellular networks, radio frequency “pollution”, human exposure
I. INTRODUCTION
Unlike past generations cellular systems, the ongoing deployment of 5G networks is surpris-
ingly raising severe debates and strong concerns among the population, to the extent that 5G
is sometimes even perceived as a threat. For example, the installation of 5G next-generation
Node-Bs (gNBs) over the territory often generates a sentiment of suspect and/or fear, since
A preliminary version of this work has been presented at the IEEE VTC-Spring 2020 conference [1].
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Fig. 1. A popular layman belief associated with 5G densification states that Radio-Frequency “Pollution” (RFP) dramatically
increases when passing from a sparse set of gNBs (a) to a dense gNB deployment (b). Is this anxiety corroborated by scientific
evidence or not? The goal of our work is to provide an answer to this intriguing question in a way that can be understood by
the layman.
Radio-Frequency (RF) exposure from 5G gNBs is connected to the emergence of severe health
effects [2]. Although the causal correlation between RF exposure below the limits defined by
laws and long-term effects over humans has not been scientifically (and widely) proven so far
by the research community (see e.g., the recent surveys [3], [4]), the continuous fabrication of
myths and false claims about health effects due to 5G exposure fuels a diffuse negative feeling
against this technology [5], leading to sabotages of towers hosting cellular equipment [6], and
even 5G installation bans promoted by countries/municipalities [7]–[10].
In this scenario, part the population is firmly convinced that the installation of a massive
number of gNBs over the territory - a step often known as 5G densification - results into
an uncontrolled and unacceptable increase of human exposure to Radio Frequency “Pollution”
(RFP).1 As shown in Fig. 1, the underlying intuitive (sic!) layman argument is that the RFP
directly depends on the amount of deployed antennas: the greater the numer of Electro-Magnetic
Field (EMF) sources (in terms of gNBs), the greater and more dangerous the relevant EMF
exposure. And even if any student or practitioner in telecommunications engineering would
readily spot the bias in this argument (as the power emitted by gNBs is not an a-priori fixed
parameter), announcements about dramatical increases of RFP due to 5G densification are
frequently spreading across social networks and even appearing on local/national newspapers
[11].
1The term“pollution” is intentionally left inside quotation marks because it is commonly used by the population rather than
by the scientific community, who generally adopts more neutral terms like exposure, radiation, and emission.
3In this context, two natural questions emerge, namely: How does 5G densification influence
RFP? And is the alleged RFP increase due to 5G densification corroborated by scientific evi-
dence? Our goal is to provide an answer to these intriguing questions. Although the scientific
community well knows that 5G densification does not lead in general to an uncontrolled increase
of RFP, to the best of our knowledge, there is a huge gap between the research outcomes on one
side and their comprehension level by the population on the other one. In more detail, answering
to the aforementioned questions in a way that can be understood by the layman is still an
underrated and relatively neglected aspect so far. To face this gap, in this work we develop a very
simple mathematical model to assess the RFP increase/decrease when comparing two candidate
5G deployments (e.g., a sparse set like in Fig. 1(a) vs. a dense one as in Fig. 1(b)). Our model,
which can be potentially understood even by the general public (with basic mathematical skills),
is based on a set of simplifying (but worst-case) assumptions that allow us to derive closed-form
expressions for the RFP, given as input parameters the main wireless features that characterize a
5G deployment, e.g., the adopted frequency, the propagation conditions, the coverage size of the
cell, the deployment tessellation and the setting for the maximum radiated power of the cells. By
comparing the RFP across pairs of candidate 5G deployments, we are able to assess the impact
of 5G densification and consequently to provide an answer based on scientific evidence to the
population concerns.
In order to derive a meaningful set of results, we consider two extreme rules to set the radiated
power for each gNB, denoted as Minimum Sensitivity-based Power (MSP) and Exposure Limit-
based Power (ELP), respectively. With MSP, the radiated power ensures a minimum sensitivity
threshold at the cell edge (and therefore it scales with the cell size). With ELP, the radiated
power is set to ensure a stringent EMF limit enforced by law (and therefore it does not scale
with the cell size). Our outcomes demonstrate that 5G densification does not increase the RFP
when MSP is adopted. On the other hand, we show that ELP may actually increase the RFP as
the network is densified. However, there are conditions under which the RFP is decreased even
with this policy, e.g., when the gNB operating frequency is increased. In all cases, however, the
RFP variation is always controlled. Eventually, we show that the outcomes of our RFP model
are confirmed by the numerical values obtained by simulation.
The rest of the paper is organized as follows. Sec. II reports the positioning of our work w.r.t.
the literature. Sec. III presents the RFP model. Sec. IV details the considered 5G scenarios.
Sec. V evaluates the RFP over the different 5G scenarios. Finally, Sec. VI summarizes the paper
4and points out possible future activities.
II. RELATED WORKS
In terms of related works, we could not find papers similar to ours, i.e., specifically focused
on the relation between 5G network densification and RFP. For this reason, in what follows,
we position our work w.r.t. the relevant literature appeared in the following related areas: i)
performance assessment of 5G densification, ii) network planning of dense 5G networks, and
iii) exposure concerns of 5G networks.
A. Performance Assessment of 5G Densification
The works falling inside this category [12]–[19] aim at evaluating the impact of 5G densifica-
tion on the network performance. To this purpose, Thurfjell et al. [12] demonstrate that the user
bit rate tends to improve when the network is densified. However, the benefits in terms of capacity
may be negatively impacted by the level of interference from the neighboring cells, as well as
changes in the path loss exponents, as pointed out by the same authors. The performance limits
of network densification are further analyzed by Nguyen and Kountouris, [13], demonstrating
that the user performance increases up to a certain level of densification, after which a saturation
or even decay with increasing network density is observed. Moreover, the asymptotic behavior
of spectral efficiency is faced by Park et al. [16], showing that this metric always grows with
increased densification levels. According to Andrews et al. [18], the Signal-to-Interference plus
Noise Ratio (SINR) initially increases as the 5G network is densified and then decreases after a
given level of 5G densification.
Other effects triggered by 5G densification include constraints on the required backhaul
network capacity [15], large requirements in terms of backhaul energy consumption [15] and
increasing handover rates [17]. Moreover, possible approaches to enhance network capacity are
analyzed by Liu et al. [14], due to the fact that short-range propagation conditions tend to change
in ultra-dense networks w.r.t. legacy ones. Eventually, the importance of introducing interference
cancellation mechanisms as network is densified is pointed out by Shafi et al. [19]. Finally,
densification will be an important feature also in beyond-5G cellular networks, as claimed by
Dang et al. [20].
Summarizing, the performance gains and the fundamental limits of 5G densification are
thoroughly analyzed by the related literature. Despite we recognize the importance of such
5previous works, none of them investigate the impact of densification on the RFP, which is a
major concern for the population and the main goal of this paper.
B. Planning of 5G Dense Cellular Networks
Works [21]–[23] focus on the design of 5G dense cellular networks under costs, coverage
and regulatory constraints. The overall problem, often known as 5G network planning, aims at
minimizing CAPital EXpenditures (CAPEX) and OPerating EXpenditures (OPEX) costs for
the installed gNBs, as well as at properly configuring each installed site in terms of, e.g.,
radiating elements, antenna configurations, maximum radiated power from each RF element,
etc. Clearly, the CAPEX costs tend to notably increase when the inter-site distance is reduced
(and consequently the densification level is increased), as shown by Oughton et al. [21]. In
addition, the planning of dense cellular networks is severely limited in countries ensuring strict
EMF limits [22], which prevent the installation of new gNBs over the territory, due to the fact that
the overall exposure levels from legacy technologies (e.g., radio/TV repeaters, 2G/3G/4G Base
Stations) are already close to the maximum EMF limits. Eventually, the importance of regulatory
updates to support the planning of dense 5G networks is stressed by [23], which provides also
indications to trigger infrastructure and spectrum sharing policies among the operators serving
the same area.
Although we recognize the importance of the 5G planning problem, only a subset of previous
works (e.g., [22], [23]) consider EMF constraints, without however evaluating the impact of
different densification levels on the RFP. In contrast to them, our goal is to provide a simple -
yet effective - model to compute the RFP level of a 5G network, and to evaluate the variation
on the RFP when the 5G network is densified. Clearly, the RFP contributions from legacy
technologies are intentionally not treated in this work, since our goal is to assess the RFP from
5G densification.
C. Exposure Concerns from 5G Networks
A third group of works [3], [4], [24] is instead tailored to the analysis and assessment of
exposure concerns from 5G networks. Simko´ and Mattsson [3] review the related literature about
health effects from 5G (and pre-5G) exposure, concluding that there is not a consistent relation
between health effects and exposure levels, exposure durations or frequency. However, the authors
point out that a meaningful safety assessment can not be retrieved from the available studies,
6and so further researches are needed e.g., to thoroughly assess the (possible) health implications
of non-thermal effects triggered by 5G exposure. The impact of 5G on the levels of exposure is
also discussed by the Institute of Electrical and Electronics Engineers (IEEE) Committee on Man
and Radiation in [4]. In particular, the committee members point out that 5G densification will
increase the downlink signal levels, which in turn may reduce the radiated power in the uplink
radiation, and hence the exposure from terminals. In addition, the exposure levels will remain
lower than the maximum limits ensured by the regulations (based on the guidelines promoted
by international organizations such as IEEE [25] and International Commission on Non-Ionizing
Radiation Protection (ICNIRP) [26]), even when the network is densified [4]. Finally, Colombi
at al. [24] perform an exposure assessment in a commercial 5G network, demonstrating that
the maximum time-averaged power per beam direction is notably lower than the theoretical
maximum. Consequently, the concerns associated with very high exposure levels generated by
5G gNBs are not justified in practice.
In contrast to these works, we do not directly address the relation between EMF exposure and
health. Rather, we aim at quantifying the RFP when the 5G network is densified. In particular, we
demonstrate that there are conditions under which 5G densification triggers an RFP reduction,
which is in turn beneficial in alleviating the exposure concerns from 5G.
III. RADIO FREQUENCY “POLLUTION” MODEL
In this section, we describe the main building blocks that characterize our RFP model, and
namely: i) main assumptions, ii) RFP definition, iii) radiated power setting, iv) cell RFP model,
v) RFP model at fixed distance, vi) RFP upper bound from neighbors, and vii) RFP ratio among
5G deployments.
A. Main Assumptions
Our model leverages some standard topological/regularity/propagation assumptions, namely:
i) gNBs are placed on a regular layout, as we consider a dense deployment with a uniform
distribution of users; consequently, each gNB serves a portion of the total territory under
consideration, ii) all the gNBs of a given deployment are characterized by common features
in terms of coverage shape, coverage size, maximum radiated power and adopted frequency;
i.e., the same gNB equipment is used across the set; iii) the propagation conditions are the same
7among the gNBs in the set; e.g., the reliable coverage distance is sufficiently short to avoid
modifications of the propagation model due to changes in the path loss exponent [27].2
In addition, another key feature that is assumed in this work is an omnidirectional pattern
to characterize the gNB radiation. Clearly, a real 5G gNB generally exhibits a radiation pattern
different than a omnidirectional one, because: i) sectorization is in general exploited, and ii)
the extensive adoption of beamforming allows concentrating the transmitted signal strength on
specific territory locations. With sectorization, the radiation patterns match the orientation of the
sectors. With beamforming, the actual RFP level that is received over the territory generally varies
both in time and space, and it is normally estimated through statistical models, which demonstrate
that the average RFP at a given pixel is substantially lower than the theoretical maximum value
[24], [28]. In our case, assuming an omnidirectional radiation is a worst case scenario, in which:
i) each pixel of the territory is served by a beam (i.e., the beams are simultaneously activated in
all the directions), ii) each pixel is not affected by sectorization (i.e., for a given pixel to gNB
distance, the user equipment (UE) received power is constant across the entire geographic extent
of the sector, even for pixels along the sector edge). This assumption leads to an over-estimation
of the received RFP, thus substantiating our results.
B. RFP Definition
In this work, the RFP is defined as the amount of power that is received over a given pixel p
from the serving gNB s and from each gNB i in the neighborhood INEIGH. Actually, other
alternative metrics that can be exploited to characterize RFP include EMF strength, Power
Density (PD) and/or Specific Absorption Rate (SAR). We refer the interested reader to [29]
for an overview about the main RFP metrics. Henceforth, we consider the received power as
the reference metric, due to the following reasons: i) we exploit well-known propagation models
derived from telecommunications research (see e.g., [27]) to compute the RFP levels over the
territory, ii) we consider different rules, including a minimum sensitivity threshold at the cell
edge, to set the gNB radiated power.
Let us assume a standard propagation model [27], in which the received RFP depends on the
power radiated by the gNBs, scaled by the propagation parameters. More formally, the total RFP
2The integration of more complex propagation models, e.g., based on a dual slope, is left for future work.
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Fig. 2. Exact RFP computation over a single pixel p (left) vs. adopted RFP models and upper bound (right).
PR(p) over pixel p is denoted as:
PR(p) =
PE
dγ(p,s) · f η · c︸ ︷︷ ︸
RFP from serving gNB
+
∑
i∈INEIGH
PE
dγ(p,i) · f η · c︸ ︷︷ ︸
RFP from neighboring gNBs
(1)
where PE is the gNB emitted power, d(p,s) [m] is the distance between the serving gNB s and
the current pixel p, γ is the propagation exponent for the distance, f [GHz] is the operating
frequency, η is the frequency exponent, c is a constant integrating other effects (e.g., the fixed
term in the Friis’ free space equation [30]), and d(p,i) [m] is the distance between neighboring
gNB i and the current pixel p.
Clearly, a natural question is: How to select the serving gNB s and the neighboring gNBs i
for a given pixel p appearing in Eq. (1)? To this aim, we assume a circular coverage area of
radius dMAX, which corresponds to the maximum coverage distance. In addition, we introduce a
minimum distance dMIN to model the presence of an exclusion zone in proximity to the gNB. In
line with the international recommendations [31] and the exposure assessment standards [32], the
exclusion zone access is forbidden to the general public, and therefore this zone is not considered
in the RFP computation. Consequently, gNB s serves pixel p if dMIN ≤ d(p,s) ≤ dMAX. Focusing
then on the neighboring gNBs, in this work we assume that the closest |INEIGH| = N I gNBs
w.r.t. s contribute to the RFP. Moreover, we consider different values of N I to evaluate its impact
on the RFP.
Since our goal is to provide a simple model, we leverage a further worst-case approximation
which permits to dramatically simplify computations, and neglects the specific distances d(p,i)
from the neighbors appearing in Eq. (1). Such key assumption consists in bounding the “true”
9distance d(p,i) from neighbor i with a constant (and shorter) distance between each neighbor and
the pixel in the target coverage area closer to it, i.e., at the cell edge. This worst-case assumption,
which will formally presented as an Upper Bound (UB) in Sec. III-F, yields a constant and same
RFP from neighbors for every considered pixel in the coverage area, and allows us to obtain
simple closed-form form RFP expressions that only depend on N I .
To give more insight, Fig. 2(a) shows a graphical example of the RFP terms appearing in
Eq. (1) in a simple toy-case scenario composed of five gNBs. The considered pixel p falls inside
the serving area of gNB s. Consequently, the RFP is computed from the serving gNB s and
the neighboring N I = 4 gNBs. Fig. 2(b) then provides a graphical overview on how the RFP
computation of Eq. (1) is simplified in our models. In particular, we introduce: i) a model to
compute the RFP over the whole area of the serving gNB, a.k.a. cell RFP model, ii) a model
to compute the RFP at a given distance dFX from the serving gNB, a.k.a. RFP model at fixed
distance, and iii) a UB to estimate the RFP from neighbors. In parallel, we also build a simulator
to compare the outcomes of our models w.r.t. the exact RFP computation of Eq. (1).
C. Radiated Power Setting
Before unveiling the details of our RFP models, let us now focus on the radiated power PE
appearing in the RFP definition of Eq. (1). Clearly, the value assigned to PE plays a key role in
determining the level of RF “Pollution”. Intuitively, the higher is the radiated power, the higher
is also the RFP over the territory. Therefore, a careful setting of PE is crucial for a meaningful
RFP evaluation. We remind that, in this work, we consider two distinct rules to set PE , namely:
i) a MSP setting and ii) an ELP one. In the following, we formally describe such policies.
1) Minimum Sensitivity-based Power Setting (MSP): The goal of MSP is to tune PE in order
to ensure a minimum sensitivity threshold PRTH at the cell edge d
MAX. By assuming the same
propagation model of Eq. (1), PE is equal to:
PE = PRTH · dγMAX · f η · c (2)
By replacing Eq. (2) in Eq. (1) (and without considering the contributions from neighbors), it
is trivial to verify that PR(p) = P
R
TH for the pixel(s) at dMAX.
By observing in more detail Eq. (2), we can note that the MSP setting increases the radiated
power when the the cell size is widened (i.e., dMAX increase), when the propagation conditions
are worsened (i.e., γ increase) and/or when the adopted gNB frequency f is increased.
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2) Exposure Limit-based Power Setting (ELP): We then consider a second alternative policy
for setting PE . In countries with stringent EMF limits, in fact, the power radiated by gNBs is
strongly influenced by the exposure limits for the general public, which have to be ensured in
each pixel of the territory (outside the gNB exclusion zone) [22]. Such limits are in general,
much more stringent than the international ones [26], and typically impose strong restrictions
on the power radiated by each gNB [22].
In order to verify the adherence to the EMF limits, in this work we adopt the procedure
defined by International Telecommunication Union (ITU)-T REC K.70 [33], which allows us to:
i) compute the total PD received by a given pixel from a set of gNBs, and ii) verify that the
total received PD is lower than the maximum PD limit SMAX for all the pixels outside the gNB
exclusion zone. Focusing on i), we apply the point-source model [33] because the PD computed
with this approach is always a UB of the actual level of exposure, and hence a worst-case
scenario. More formally, each gNB is characterized by a given transmission gain GTX and a
given transmission loss LTX. The received PD S(p,s) by pixel p from gNB s is then expressed
as in [33]:
S(p,s) =
PE ·GTX
4pi · LTX · d2(p,s)︸ ︷︷ ︸
Point-source model
(3)
In order to satisfy the EMF limits, the total received PD has to be lower than the maximum one:
PE ·GTX
4pi · LTX · d2(p,s)︸ ︷︷ ︸
PD from serving gNB S(p,s)
+
∑
i∈INEIGH
PE ·GTX
4pi · LTX · d2(p,i)︸ ︷︷ ︸
PD from neighboring gNB S(p,i)
≤ SMAX︸ ︷︷ ︸
PD Limit
(4)
By observing in more detail Eq. (4), we can note that the maximum PD is likely experienced in
proximity to s, where the PD contribution from the serving gNB s dominates over the one from
the neighbors, because d(p,s)  d(p,i). This finding is also corroborated by EMF measurements
performed over real cellular networks under operation [34]. Therefore, a sufficient condition to
satisfy Eq. (4) is to verify that the PD from the serving gNB s, evaluated at distance dMIN, is
lower than the PD limit SMAX:
PE ·GTX
4pi · LTX · d2MIN︸ ︷︷ ︸
PD at minimum distance
≤ SMAX (5)
Consequently, the previous inequality is satisfied when PE is set equal to:
PE = 4pi · d2MIN · SMAX ·
LTX
GTX
(6)
11
By setting PE in accordance with Eq. (6), the radiated power does not depend neither on the
maximum coverage distance dMAX, the frequency f or the propagation exponent γ, but solely on
the exposure limit SMAX, the transmission gain GTX, the transmission loss LTX and the minimum
distance dMIN. Clearly, when stringent EMF limits are assumed for SMAX, this policy dominates
over the MSP setting, because the operator always aims at saturating the radiated power to the
maximum allowed one.
D. Cell RFP Model
In the following, we define a model to capture the RFP across the entire cell with a closed-
form expression. Our intuition is, in fact, to derive in a compact way the RFP from the serving
gNB s of Eq. (1) for all the pixels p belonging to its coverage area. By assuming an infinitesimal
pixel size, we express the average RFP over the entire area A served by the gNB as:
PRCELL =
1
pi(d2MAX − d2MIN)
∫ ∫
A
PE
(
√
x2 + y2)γ · f η · c dxdy (7)
where 1
pi(d2MAX−d2MIN)
is the inverse of the served area and
√
x2 + y2 is the distance from the gNB
center to a generic point (x, y).
In order to solve Eq. (2), we adopt a reference system based on polar coordinates, where:
x = r cos θ, y = r sin θ, dxdy = rdrdθ. Therefore, Eq. (7) is rewritten as:
PRCELL =
1
pi(d2MAX − d2MIN)
∫ 2pi
0
∫ dMAX
dMIN
PE
r(γ−1) · f η · cdrdθ (8)
We then consider the solution of Eq. (8) for γ ∈ (2, 4], i.e., a typical range for characterizing
Line-of-Sight (LOS)/Non-Line of Sight (NLOS) conditions [27],3 thus obtaining the following
closed-form RFP expression:
PRCELL =
2PE
(d2MAX − d2MIN) · f η · c · (γ − 2)
·
[
1
d
(γ−2)
MIN
− 1
d
(γ−2)
MAX
]
(9)
In this way, we have derived a simple model to compute the cell RFP over the whole area
served by a given gNB. By observing in more detail Eq. (9), we can note that PRCELL is strongly
influenced by the propagation exponent γ (as expected), which results into different scaling
factors for the radiated power PE . Other parameters that affect PRCELL include the adopted
frequency f , the constant term c, as well as the distances dMIN and dMAX.
3The border value γ = 2 leads to PRCELL =
2PE
(d2MAX−d2MIN)·fη·c
· [ln(dMAX)− ln(dMIN)], which is however not further discussed
in this work as γ > 2 under commonly observed propagation conditions [27].
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E. RFP Model at Fixed Distance
We then provide a second model to evaluate the RFP from the serving gNB. In particular, let
us now consider a generic pixel at a fixed distance dFX from the serving gNB. The RFP PRFX at
distance dFX from the serving cell is then formally expressed as:
PRFX =
PE
dγFX · f η · c
(10)
By varying dFX in the previous equation, we compute the RFP over different evaluation points
from the serving gNB. For example, we can compute the RFP in close proximity to the minimum
distance dMIN, whose pixels are subject to the highest RFP levels.
F. RFP Upper Bound from Neighboring Cells
In the following, we provide a UB to estimate the RFP from N I neighboring gNB. Let us
denote with dSITE the inter-site distance between a pair of neighboring gNBs. By assuming that
the sites hosting gNBs are positioned with a regular deployment, the relantionship between dSITE
and dMAX is expressed as:
dSITE = 2ζ · dMAX (11)
where ζ ∈ (0, 1) is a geometric parameter that is introduced to avoid coverage holes over the
whole territory under consideration. Our idea is then to assume a fixed contribution from each
neighbor, which is computed at the edge of the serving gNB. More formally, the RFP from
neighbors is expressed as:
PRNEIGH = N
I P
E
dγMAX · (2ζ − 1)γ · f η · c
(12)
To give more insight, Fig. 3(a) reports a graphical example of the dMAX and ζ terms appearing
on the right-hand side of Eq. (12), by assuming a hexagonal deployment of gNB sites and N I = 6.
By observing the figure, it is trivial to verify that Eq. (12) represents a UB of the RFP for each
neighbor i ∈ INEIGH and for each pixel p falling inside the coverage area of the serving gNB,
because (2ζ − 1) · dMAX ≤ d(p,i). In addition, although this UB may appear rather conservative
at a first glance, we will show that the impact of neighbors on the total RFP is always limited.
13
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Fig. 3. (Left) Graphical sketch of the distances appearing in the RFP computation from the neighbors of Eq. (12). The RFP
from neighboring gNBs is evaluated at (2ζ − 1) · dMAX. (Right) dMAX, dMIN and dFX in two candidate deployments. Clearly,
dMAX(2) < dMAX(1), while dFX(2) = dFX(1) and dMIN(2) = dMIN(1). Figures best viewed in colors.
G. RFP Ratio Among 5G Deployments
In the final part of this section, we put together the previous models to evaluate the RFP
increase/decrease when comparing a pair of candidate 5G deployments. Let us start by defining
the total cell RFP (including the UB from neighbors) as:
PRTOT-CELL = P
R
CELL + P
R
NEIGH (13)
In a similar way, the total RFP at fixed distance is equal to:
PRTOT-FX = P
R
FX + P
R
NEIGH (14)
Let us now consider two distinct 5G deployments, which are denoted by indexes (1) and (2),
respectively. Each 5G deployment is characterized by specific settings in terms of densification
level (and hence maximum coverage distance dMAX), as well as the other parameters including
e.g., the adopted frequency f , the propagation exponent γ, etc. We then define the cell RFP ratio
among the two deployments as:
δ(PRTOT-CELL) =
PRTOT-CELL(1)
PRTOT-CELL(2)
(15)
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In particular, when δ(PRTOT-CELL) > 1, deployment (1) pollutes more than deployment (2). The
opposite holds when δ(PRTOT-CELL) < 1. On the other hand, when δ(P
R
TOT-CELL) = 1, no change in
the total cell RFP is observed among the two deployments.
In a similar way, let us introduce the RFP ratio at fixed distance as:
δ(PRTOT-FX) =
PRTOT-FX(1)
PRTOT-FX(2)
(16)
By varying the parameters assigned to each deployment option, we are able to evaluate their
effect on the RFP ratios. For example, the impact of increasing the densification level is evaluated
by imposing dMAX(2) < dMAX(1). To this aim, a graphical sketch of two candidate deployments,
subject to different densification levels, is shown in Fig. 3(b). In this example, deployment (2)
is denser than deployment (1), since dMAX(2) < dMAX(1). However, dFX(2) = dFX(1), i.e., the
same observation point is assumed for the RFP at fixed distance. In addition, dMIN(2) = dMIN(1),
i.e., the same exclusion zone is applied when computing the cell RFP. In the following, we shed
light on the adopted 5G scenarios.
IV. DESCRIPTION OF 5G SCENARIOS
Finding meaningful sets of input parameters to compare pairs of candidate 5G deployments is
a fundamental step for the RFP evaluation. Therefore, rather than considering a single scenario,
which would narrow the scope of the presented outcomes, in this work we evaluate five repre-
sentative 5G scenarios (denoted with S1-S5), detailed in Tab. I. In this way, we assess the impact
of different densification levels (e.g, light, medium and strong) and other relevant parameters,
including the operating frequency f and the propagation exponent γ. We then group the input
parameters in Tab. I according to the following scopes: i) distance, ii) frequency, iii) baseline
path loss, iv) neighbors, v) MSP setting, vi) ELP setting.
Let us first describe the main features of each parameter group. Focusing on the distance-
related parameters, the dMAX values in the table are set in accordance with a urban deployment
of gNBs, in which the coverage size of each cell is rather limited. Moreover, we introduce
the parameter δ(dMAX) to denote the relative ratio between dMAX(1) and dMAX(2). The value of
dMIN is set according to a typical size of a gNB exclusion zone (see e.g., [24] with theoretical
maximum power). The value of dMIN is also justified by assuming that each gNB is hosted on the
roof of a buildings and/or on top of a radio tower, and therefore the minimum distance between
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TABLE I
RFP PARAMETERS SETTING OVER THE DIFFERENT 5G SCENARIOS.
Scenario
S1 S2 S3 S4 S5
Light Moderate Light No Strong
Set Parameter
Densification Densification Densification Densification Densification
dMIN 15 [m]
dMAX(1) 500 [m]
dMAX(2) 250 [m] 100 [m] 250 [m] 500 [m] 50 [m]
δ(dMAX) 2 5 2 1 10
γ(1) 3
Distance
γ(2) 3 2.1 3 2.1
f(1) 0.7 [GHz]
f(2) 0.7 [GHz] 3.7 [GHz]
δ(f) 1 0.19
Frequency
η 2
c(1) 32.4 [dB]
c(2) 32.4 [dB]Baseline
δ(c) 1
ζ
√
3/2 (Hexagonal placement of gNB sites)
Neighbors
NI {0, 6}
PRTH(1) -90 [dBm]
PRTH(2) -90 [dBm] -87 [dBm]MSP Setting
δ(PRTH) 1 0.5
SMAX 0.1 [W/m2]
GTX 15 [dB]ELP Setting
LTX 2.32 [dB]
the UE and the gNB is not negligible.4 Eventually, the values of the propagation exponent γ
are set by assuming typical LOS/NLOS conditions (in accordance to [27]). Finally, we consider
values of dMAX ≤ 500 [m]: in this way, as reported by [27], the exponent of the propagation
model does not change for distances d ≤ dMAX.
We then move our attention to the frequency-related parameters. In particular, we adopt the 5G
Italian frequencies in the sub-6 [GHz] spectrum, which is the most promising option for offering
4In this work, we always consider roof-mounted gNBs, for which the exclusion zone is not varied (obviously), resulting in a
fixed value of dMIN among the two candidate deployments. The evaluation of indoor and/or femto gNBs, which would require
a reduction of dMIN w.r.t. roof-mounted gNBs, is left for future work.
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coverage and a mixture of coverage and capacity.5 Consequently, we set f(1) = 0.7 [GHz]
and f(2) = {0.7, 3.7} [GHz]. Moreover, we introduce the frequency ratio δ(f) = f(1)/f(2).
Eventually, the η exponent is set in accordance to [27].
Focusing then on the parameters related to baseline path loss, we adopt c = 32.4 [dB], in
accordance with the Free Space Path Loss (FSPL) model reported by [27]. We remind that
this term is derived from the constant part of the Friis’ free space equation [30]. Moreover, we
introduce the ratio δ(c) = c(1)/c(2), which is equal to one in our scenarios.
We then analyze the parameters related to the RFP from neighbors. We assume a hexagonal
deployment of gNBs sites, thus resulting in ζ =
√
3/2. In addition, we consider two distinct
settings for the number of neighbors N I when computing the RFP. More in depth, when N I = 0,
the RFP is solely due to the serving cell, while no contribution from the neighbors is assumed
(thus representing an ideal case). On the other hand, when N I = 6, the RFP includes the
contributions from the six closest neighbors w.r.t. the serving gNB.
We then detail the parameters to set the radiated power PE . When an MSP approach is
assumed, we consider values of sensitivity threshold PRTH slightly higher than the minimum
operating ones (defined in [35] for the different 5G frequencies, bands and sub-carrier spacing).
In addition, we consider cases in which PRTH(2) > P
R
TH(1), i.e., deployment (2) enforces a better
sensitivity, and hence a (potential) better service. Eventually, we introduce the ratio δ(PRTH) =
PRTH(1)/P
R
TH(2), whose values are also reported in the table. On the other hand, when the radiated
power is set according to ELP, we assume the Italian PD limit for residential areas, i.e., SMAX =
0.1 [W/m2], which we remind is much more stringent that the ones defined in international
guidelines, such as the ICNIRP 2020 limits [26]. Moreover, the values of GTX and LTX are set
in accordance with [33].
In the following step, we provide a comparative description among the two candidate deploy-
ments in S1-S5:
S1) light densification scenario. The only parameter (slightly) changing across deployment (1)
and deployment (2) is dMAX (and consequently δ(dMAX)). In S1, deployment (2) is slightly
5The auction for 5G in Italy included also frequencies above 6 [GHz] (generally called “mm-Waves”), which are however
not treated in this work because the installation of gNBs operating on sub-6 [GHz] frequencies is prioritized w.r.t. equipment
working on mm-Waves, due e.g., to 5G coverage constraints imposed by the national government. Therefore, it is expected that
gNBs operating on mm-Waves will be not immediately and widely deployed. The evaluation of densification on mm-Waves is
then left as a future work.
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denser than deployment (1), while all the other parameters do not vary across the two
deployments;
S2) moderate densification scenario, which is subject to a radical variation of dMAX and γ across
the two deployments. In S2, the operator adopts a denser deployment in (2) compared to (1).
This choice is coupled with a different site deployment strategy and/or site configuration
setting, which allows a better coverage over the territory. Consequently, γ(2) < γ(1);
S3) light densification with frequency change. In S3, both dMAX and f are varied in the two
deployments. Specifically, while the 0.7 [GHz] frequency in (1) is primarily used to provide
coverage, the 3.7 [GHz] frequency of deployment (2) allows achieving a good mixture of
coverage and capacity. Moreover, we consider a slight reduction of dMAX(2) compared to
dMAX(1);
S4) no densification with frequency change. In S4, dMAX is not varied, while f is increased
when passing from deployment (1) to deployment (2). When an MSP setting is assumed,
this scenario also imposes PRTH(2) > P
R
TH(1). With these settings, the operator is able to
support a 5G service demanding a higher amount of capacity in deployment (2) compared
to (1);
S5) strong densification with frequency change. In S5 we impose dMAX(2) dMAX(1), f(2) >
f(1), and γ(2) < γ(1). As a consequence, the impact of passing from a sparse set of 5G
gNBs to a very dense deployment is evaluated. Clearly, this choice has an impact on the
propagation conditions, as users in deployment (2) tend to be in LOS conditions w.r.t. the
serving 5G gNB, thus resulting in γ(2) < γ(1). Moreover, when PE is set in accordance
with MSP, this scenario imposes an increase of the minimum sensitivity PRTH in deployment
(2) compared to (1). Similarly to S4, in S5 the operator provides a larger capacity to the
users.
V. RFP EVALUATION
We initially focus on the closed-form expressions for the RFP to scientifically analyze the
impact of 5G densification. We then move our attention to the numerical evaluation of the RFP
in order to give more insights about the impact of the input parameters on the obtained RFP
values.
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TABLE II
CLOSED-FORM EXPRESSIONS FOR RFP RATIO AT FIXED DISTANCE δ(PRTOT-FX) AND CELL RFP RATIO δ(P
R
TOT-CELL) IN THE
DIFFERENT SCENARIOS WHEN NI = 0 (MSP CASE). TABLE BEST VIEWED IN COLORS.
RFP Ratio
at Fixed Distance δ(PRTOT-FX) Cell δ(P
R
TOT-CELL)
RFP RFPSc
en
ar
io
Formula
Increase?
Formula
Increase?
S1 δ(dMAX)3 No δ(A)−1 · δ(dMAX)2 ·
[
dMAX(1)−dMIN
dMAX(2)−dMIN
]
Num. Eval.
S2 δ(dMAX)
γ(2)
β(1)γ(2)−γ(1) No δ(A)
−1 · dMAX(1)γ(1)
dMAX(2)
γ(2) · γ(2)−2γ(1)−2 ·
[
d
(2−γ(1))
MIN −dMAX(1)(2−γ(1))
d
(2−γ(2))
MIN −dMAX(2)(2−γ(2))
]
Num. Eval.
S3 δ(dMAX)3 No δ(A)−1 · δ(dMAX)2 ·
[
dMAX(1)−dMIN
dMAX(2)−dMIN
]
Num. Eval.
S4 δ(PRTH) Yes δ(P
R
TH) Yes
S5 δ(dMAX)
γ(2)·δ(PRTH)
β(1)γ(2)−γ(1) Num. Eval. δ(P
R
TH) · δ(A)−1 · dMAX(1)
γ(1)
dMAX(2)
γ(2) · γ(2)−2γ(1)−2 ·
[
d
(2−γ(1))
MIN −dMAX(1)(2−γ(1))
d
(2−γ(2))
MIN −dMAX(2)(2−γ(2))
]
Num. Eval.
A. Closed-Form RFP Evaluation
As a first step, we retrieve the closed-form expressions for the RFP by assuming N I = 0
and the MSP setting. We remind that, in this way, each gNB solely pollutes its own coverage
area, i.e. no RFP from neighbors is assumed. In addition, the emitted power is set in order to
guarantee the minimum sensitivity thresholds PRTH(1) and P
R
TH(2). Let us then introduce the ratio
among the coverage areas of a single gNB in the two deployments as:
δ(A) =
pi(dMAX(1)
2 − d2MIN)
pi(dMAX(2)2 − d2MIN)
(17)
In addition, let us introduce the β parameter, which is defined as the ratio between the observation
point at fixed distance and the maximum coverage distance. More formally, we have β(1) =
dFX(1)
dMAX(1)
for deployment (1). Unless otherwise specified, we set dFX(1) = dFX(2) = 16 [m], i.e.,
the RFP at fixed distance is evaluated in close proximity to dMIN.
Tab. II reports the RFP ratio at fixed distance δ(PRTOT-FX) and the cell RFP ratio δ(P
R
TOT-CELL)
over the different scenarios. The color of each cell in the table is set according to the following
rule: i) green if the expression leads to an RFP decrease, ii) red if the expression is lower than
one, and hence an RFP increase is experienced, iii) white if the RFP expression includes terms
that are respectively lower and higher than one, thus requiring a numerical evaluation.
By analyzing the colors of the table, we can note that the RFP at fixed distance is decreased
in S1-S3, as the mathematical expressions for δ(PRTOT-FX) include terms that are all greater than
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TABLE III
CLOSED-FORM EXPRESSIONS FOR RFP RATIO AT FIXED DISTANCE δ(PRTOT-FX) AND CELL RFP RATIO δ(P
R
TOT-CELL) IN THE
DIFFERENT SCENARIOS WHEN NI = 0 (ELP CASE). TABLE BEST VIEWED IN COLORS.
RFP Ratio
at Fixed Distance δ(PRTOT-FX) Cell δ(P
R
TOT-CELL)
RFP RFPSc
en
ar
io
Formula
Increase?
Formula
Increase?
S1 1 No δ(A)−1 · δ(dMAX)−1 · dMAX(1)−dMINdMAX(2)−dMIN Num. Eval.
S2 (β(1) · dMAX(1))γ(2)−γ(1) Yes δ(A)−1 · γ(2)−2γ(1)−2 ·
[
d
(2−γ(1))
MIN −dMAX(1)(2−γ(1))
d
(2−γ(2))
MIN −dMAX(2)(2−γ(2))
]
Num. Eval.
S3 δ(f)−η No δ(A)−1 · δ(f)−η · δ(dMAX)−1 · dMAX(1)−dMINdMAX(2)−dMIN Num. Eval.
S4 δ(f)−η No δ(f)−η No
S5 (β(1) · dMAX(1))γ(2)−γ(1) · δ(f)−η Num. Eval. δ(f)−η · δ(A)−1 · γ(2)−2γ(1)−2 ·
[
d
(2−γ(1))
MIN −dMAX(1)(2−γ(1))
d
(2−γ(2))
MIN −dMAX(2)(2−γ(2))
]
Num. Eval.
unity (i.e., δ(dMAX)γ(2), 1/β(1)γ(2)−γ(1)). This is a first important outcome, which proves that
5G densification does not always trigger an increase in the RFP, in contrast to the population’s
belief. On the other hand, the RFP at fixed distance is increased in S4, i.e., δ(PRTOT-FX) < 1.
Nevertheless, the RFP increase in this scenario depends solely on the sensitivity thresholds ratio
δ(PRTH), and hence it can be easily controlled by the operator. In addition, we remind that S4
imposes both frequency and minimum sensitivity increases in deployment (2) w.r.t. deployment
(1), while the level of densification is not varied. Eventually, the RFP at fixed distance in S5
includes terms that are greater than unity (i.e., 1/β(1)γ(2)−γ(1) and δ(dMAX)γ(2)) and other ones
that are instead lower than unity (i.e., δ(PRTH)). Therefore, an approach based on numerical
evaluation is required, in order to assess the impact on the RFP.
Focusing then on the expressions for the cell RFP ratio (right part of Tab. II), we can note
that the terms δ(A)−1 and δ(dMAX) =
dMAX(1)
dMAX(2)
appear in S1, S2, S3, and S5. Since δ(A)−1 is
lower than unity while δ(dMAX) is greater than one, a numerical evaluation is required in order
to assess the overall impact on the RFP ratio. On the other hand, δ(PRTOT-CELL) = δ(P
R
TH) in S4,
and consequently the same considerations already reported for δ(PRTOT-FX) hold also in this case.
In the following, we analyze the impact of the ELP setting on the RFP levels. We remind
that ELP adjusts PE in order to ensure the maximum PD limit at the border of the exclusion
zone (i.e., at dMIN), and therefore the radiated power does not scale with the maximum coverage
distance dMAX. Tab. III reports the closed-form expressions for δ(PRTOT-FX) and δ(P
R
TOT-CELL), by
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assuming N I = 0. Interestingly, the RFP ratio at fixed distance δ(PRTOT-FX) is equal to one in
S1, meaning that the RFP is unchanged when passing from deployment (1) to deployment (2).
On the other hand, the RFP tends to decrease in S3 and S4, since the term δ(f)−η is clearly
higher than unity. However, there are also cases in which the RFP ratio at fixed distance is
increased in deployment (2) w.r.t. deployment (1). For example, δ(PRTOT-FX) < 1 in S2, since
the term (β(1) · dMAX)γ(2)−γ(1) is lower than unity. In addition, a numerical evaluation of the
formula is required in S5, since (β(1) ·dMAX)γ(2)−γ(1) < 1 and δ(f)−η > 1. Focusing then on the
cell RFP, δ(PRTOT-CELL) has to be numerically evaluated in S1, S2, S3, and S5 to assess the RFP
increase/decrease. However, the cell RFP is surely decreased in S4, as the RFP ratio is equal to
δ(f)−η, which is greater than one.
We then move our attention to the closed-form expressions for RFP when the contributions
from neighbors are considered, i.e., N I > 0. Intuitively, when introducing the PRNEIGH term of
Eq. (12) in the RFP ratios, the closed-form expressions for δ(PRTOT-FX) and δ(P
R
TOT-CELL) become
more complex than the N I = 0 case reported in Tab. II-III. As a result, it is not possible to
grasp the RFP increase/decrease by simply analyzing the terms appearing in the closed-form
expressions. Therefore, rather than reporting such expressions, we directly compute δ(PRTOT-FX)
and δ(PRTOT-CELL) from our models by applying the input parameters and then we analyze the
outcomes in the following subsection.
B. Numerical Evaluation of the RFP
We move our attention to the numerical evaluation of the RFP obtained by our models. This
step is mandatory for the following reasons. First, it is possible to grasp the actual values of
RFP increase/decrease, including the cases in Tab. II-III for which the RFP variation could not
be preliminary determined. Second, we thoroughly evaluate the case with N I > 0, i.e., the RFP
includes the contributions from neighbors.
We then compute the RFP ratios from our models (i.e., RFP at fixed distance and cell RFP).
More formally, we adopt Eq. (9),(10),(12)-(16) to compute δ(PRTOT-FX) and δ(P
R
TOT-CELL) across
the different scenarios, by selectively imposing N I = {0, 6} and PE according to MSP or ELP
setting. In order to better position the outcomes derived by our models, we also build a simple
simulator coded in Matlab R2020a software that allows us to compute the RFP PR(p) for each
pixel p of the coverage area, by applying Eq. (1). To this aim, we assume a tessellation of
non-overlapping squared pixels, each of them with 1×1 [m2] size. In addition, the pixel to gNB
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Fig. 4. Numerical evaluation of RFP by considering: RFP ratio at fixed distance δ(PRTOT-FX) vs. cell RFP ratio δ(P
R
TOT-CELL),
ELP vs. MSP power setting, number of neighbors NI equal to 0 or 6, model vs. simulation outcomes, and scenarios S1-S5.
Figures best viewed in colors.
distance is computed from the center of the pixel. Focusing then on the computation of the RFP
from neighboring gNBs done in the simulator, we assume the following cases: i) N I = 0, in
which PR(p) is solely computed from the serving gNB, ii) N
I = 6, in which PR(p) includes the
RFP from the serving gNB and the RFP from the six closest neighboring gNBs w.r.t. the serving
one. Given the RFP PR(p) in each pixel, we then extract: i) the average RFP at fixed distance
dFX, computed over the pixels that are at distance d(p,s) within dFX −  ≤ d(p,s) ≤ dFX + , with
 = 1 [m]; ii) the average cell RFP, computed over the pixels at distance dMIN ≤ d(p,s) ≤ dMAX;
iii) the RFP ratio at fixed distance and the cell RFP ratio, given the averages in i) and ii),
computed over deployment (1) and deployment (2) for scenarios S1-S5.
Fig. 4 reports the numerical evaluation of the RFP ratios, by considering the MSP and ELP
settings, the impact of neighbors, and the model vs. simulator outcomes. Before going into the
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details of each scenario, let us remind that the results obtained with our models for the N I > 0
cases represent a worst-case, since the RFP from neighbors is conservatively evaluated with the
UB of Eq. (12). We now analyze the RFP ratio at fixed distance δ(PRTOT-FX) for the MSP case,
shown in Fig. 4(a). Obviously, the RFP ratio is larger than unity for S1, S2, S3 (in accordance
with Tab. II). Astonishingly, the RFP decrease is huge for all the scenarios introducing 5G
densification, since δ(PRTOT-FX) 1. We remind that, in this case, we evaluate the RFP variation
at distance dFX from the serving gNB, i.e., close to dMIN in our setting. Eventually, scenario S4
confirms the previously reported outcomes, i.e., a controlled RFP increase that depends on the
thresholds ratio δ(PRTH). Finally, the numerical evaluation over S5 reveals a strong RFP reduction
at fixed distance, i.e., even more than three order of magnitude. Therefore, we can state that a
strong densification dramatically reduces the RFP when this metric is evaluated in proximity to
dMIN.
We then move our attention to the RFP ratio at fixed distance for the ELP setting, visualized
in Fig. 4(b). The results over scenarios S1, S3, S4 confirm the findings reported in Tab. III, with
a huge RFP decrease in S3 and S4 (i.e., more than one order of magnitude in deployment (2)
w.r.t. (1)). On the other hand, the RFP is increased in S2 (as expected). Finally, the numerical
evaluation demonstrates that the RFP is reduced also in S5. By globally analyzing the outcomes
of Fig. 4(b), we can state that 5G densification with ELP setting does not increase the RFP at
fixed distance in all scenarios except from S2.
In the following step, we evaluate the cell RFP ratio δ(PRTOT-CELL), reported in Fig. 4(c) and in
Fig. 4(d) for the MSP and ELP settings, respectively. Focusing on the the MSP case (Fig. 4(c)),
we can note that 5G densification always reduces the average cell RFP, since δ(PRTOT-CELL) > 1
in S1, S2, S3, S5. Again, this is an important outcome that contradicts the common belief of
the population about exponential increase of RFP. In particular, the RFP decrease triggered
by densification can be huge, i.e., up to more than one order of magnitude in deployment (2)
w.r.t. deployment (1) in S2 and in S5. Clearly, δ(PRTOT-CELL) < 1 in S4, in accordance with
Tab. III. Focusing then on the ELP case (Fig. 4(d)), the cell RFP is decreased in S3 and S4.
Not surprisingly, 5G densification tends to increase the cell RFP in scenarios S1, S2 and S5.
With the ELP setting, in fact, PE does not scale with dMAX, thus resulting in δ(PRTOT-CELL) > 1
when densification is applied (except from scenario S3, which couples a light densification to a
frequency increase).
Eventually, we compare the outcomes from our models (bars with label “model” in Fig. 4)
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Fig. 5. RFP at fixed distance PRTOT-FX in deployment (1) and deployment (2), computed with our model and by simulation. The
figure reports PRTOT-FX vs. the distance percentage for S5 with MSP setting (left) and for S3 with ELP (right).
w.r.t. the ones from the simulation (bars with label “simulation” in Fig. 4). Interestingly, our
models for the RFP ratio nicely match the outcomes from simulations when N I = 0. On the
other hand, when the RFP from neighbors is considered (bars with label N I > 0), the RFP ratios
predicted by the models are in general lower than the ones computed through simulation. This
is however an expected result, because the former employ the UB at distance (2ζ − 1) · dMAX,
while the latter perform the exact computation at d(p,i).
We then analyze in depth the differences between the RFP obtained from our models and the
one computed from simulations. More in detail, we consider the variation of the fixed distance
dFX and its impact on the RFP model of Eq. (14). To this aim, we vary dFX between dMIN and
dMAX. Fig. 5 reports the RFP at fixed distance PRTOT-FX in deployment (1) and in deployment (2)
for scenario S5 with MSP setting (Fig. 5(a)) and S2 with ELP setting (Fig. 5(b)). The outcomes
of our model are derived by imposing N I = 6 neighboring gNBs. The figures report on the x-axis
the distance percentage at which the RFP is evaluated, being 0% corresponding to dFX = dMIN
and 100% equal to the maximum one, i.e., dFX = dMAX. In addition to the outcomes from our
models, we include the RFP from simulations, which is computed in this way: i) we generate
a set of bins, each of them is size 1 [m], between dMIN and dMAX, ii) we compute the RFP for
each pixel as per Eq. (1), iii) we assign each pixel to the bin that includes the pixel distance
d(p,s), iv) we compute the average RFP for each bin, and finally v) we include in the plots of
Fig. 5 only the bins having non-zero RFP values.
Several considerations hold by analyzing Fig. 5. First of all, the RFP at fixed distance PRTOT-FX
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(a) S5 - Deployment (1) (b) S5 - Deployment (2)
Fig. 6. RFP (in [dBm]) in scenario S5 for deployment 1 (left) and deployment 2 (right).
obtained from our model is always higher than the values computed from simulations. This result
is expected, due to the UB from neighbors. In particular, the difference (in [dBm]) between the
model and the simulation is proportional to the distance percentage, with lower RFP evaluation
distances translating into smaller relative differences among model and simulation results and
even overlapping RFP values. This is also an expected outcome, since we remind that, in
proximity to the serving gNB, the RFP contributions from neighbors are in general negligible
w.r.t. the RFP of the serving gNB. On the other hand, there are cases in which the RFP from
neighbors is over-estimated by our model over the whole cell extent (e.g., deployment (2) in
Fig. 5(a)). This is especially true for scenarios, like S5, in which the coverage size is extremely
narrowed. In this way, we corroborate the findings of our models, which are derived under
conservative and worst-case assumptions. Eventually, we can observe that PRTOT-FX is a monotonic
decreasing function w.r.t. the distance for both the model and the simulation (obviously). Finally,
the comparison among deployment (1) and deployment (2) reveals that the RFP of the former is
even lower than the latter for dFX
dMAX
≥ 0.4 in S5 with MSP setting (Fig. 5(a)). On the other hand,
for lower distances, the absolute RFP values are dramatically higher in deployment (1) w.r.t. (2).
In addition, the slope of the RFP is notably increased as dFX approaches dMIN in deployment
(1). Such details trigger another important consideration: 5G densification is extremely effective
in reducing the RFP for the users living in proximity to the installed gNBs and to achieve a
uniform RFP distribution over the territory.
In the final part of our work, we close the loop on the RFP evaluation due to 5G densification
by including a visual representation of the pixel RFP PR(p), computed by simulation from Eq. (1)
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in scenario S5 with N I = 6 and MSP setting. Fig. 6 reports the obtained results over the two
deployments. By comparing this figure against the popular belief of the population that was
sketched in Fig. 1, several considerations can be drawn. First of all, the deployment of few
gNBs does not necessarily mean low RFP over the territory, as the RFP tends to be pretty large
for the zones that are close to the installed gNBs. For example, Fig. 6(a) shows that deployment
(1) introduces huge RFP levels in proximity to the installed gNBs (i.e., the orange and the red
zones in the figure), because the radiated power PE is tuned to ensure the minimum sensitivity
threshold PRTH(1) at the cell edge dMAX(1). In addition, deploying a dense set of gNBs is not
translated into an uncontrolled and exponential increase of RFP. In Fig. 6(b), in fact, the orange
and red zones with large RFP completely disappear, since the coverage size of each cell is shrank
in deployment (2) w.r.t. deployment (1), and hence PE is now set to guarantee the minimum
sensitivity at dMAX(2) < dMAX(1). In addition, we remind that deployment (2) in this case also
includes an increase of PRTH, and hence a better 5G service w.r.t. deployment (1). Despite this
fact, however, the RFP appears more uniform in deployment (2) w.r.t. deployment (1).
VI. SUMMARY AND FUTURE WORKS
Popular theories spreading among non-scientific communities claim an uncontrolled and ex-
ponential increase of exposure due to 5G densification. To face such anxiety in a way that can be
understood by the layman, in this work we have analyzed the impact of 5G densification on the
RFP by adopting a scientific approach. Initially, we have proposed a simple model to compute
the RFP from the serving gNB and a set of neighboring gNBs. The proposed RFP model, which
is derived under conservative and worst-case assumptions, integrates fundamental parameters
that characterize a given 5G deployment, including e.g., the maximum coverage distance, the
propagation exponents, the adopted frequency, the fixed propagation losses and the radiated power
setting (MSP or ELP). In the following step, we have introduced the RFP ratios to compare the
“pollution” variation among two distinct candidate 5G deployments. Results, obtained by solving
the closed-form expressions for the RFP ratios in a set of meaningful 5G scenarios, prove that 5G
densification does not introduce an uncontrolled and exponential increase of RFP, thus dispelling
this popular myth among the general public. On the contrary, we have demonstrated that 5G
densification strongly reduces the RFP when the radiated power is set according to MSP (i.e.,
when a minimum sensitivity threshold is ensured at the cell edge). On the other hand, when the
radiated power is set in accordance with ELP, the RFP variation is always controlled. In this case,
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the RFP increase or decrease depends on the specific densification scenario under consideration.
However, there are conditions under which the RFP is decreased by 5G densification with ELP,
e.g., when the frequency is increased in parallel to a light densification, without a change in the
propagation exponents. Eventually, we have shown that the outcomes from the model are always
in accordance w.r.t. the ones derived by simulation.
Finally, we believe that this work can be useful for future research activities. To this aim, the
adoption of detailed propagation models could be an interesting step, in order to consider the
impact of shadowing/fading margins and changes in the propagation exponent across the extent
of the cell. In addition, the evaluation of indoor 5G deployments adopting mm-Waves frequencies
and femto/micro cells is another attractive research direction. In particular, the impact of dMIN
variation among the two candidate deployments should be carefully studied, as femto/micro
cells are characterized by very narrow exclusion zones w.r.t. roof-mounted gNBs that have been
considered in this work. Finally, the assessment of the RFP on other exposure metrics, e.g., field
strength and/or PD, is a promising future activity.
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